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Abstract: Salvianolic acid B (SalB) is a bioactive compound from Salviae miltiorrhizae, one of the
most important traditional herbal medicines widely used in several countries for the treatment of
cardiovascular diseases. The aim of this study was to evaluate the in vitro effect of SalB on the
expression and the activity of matrix metalloproteinase 9 (MMP-9), a zinc-dependent proteolytic
enzyme, in human MDA-MB-231 breast cancer cells. This cellular model is characterized by a
marked invasive phenotype, supported by a high constitutive expression of MMPs, especially
gelatinases. SalB was first of all evaluated by in silico approaches primarily aimed at predicting the
main pharmacokinetic parameters. The most favorable interaction between the natural compound
and MMP-9 was instead tested by molecular docking analysis that was subsequently verified by an
enzymatic inhibition assay. MDA-MB-231 cells were treated with SalB 5 µM and 50 µM for 24 h and
48 h. The conditioned media obtained from treated cells were then analyzed by gelatin zymography
and reverse zymography to, respectively, evaluate the MMP-9 activity and the presence of TIMP-1.
The expression of the enzyme was then evaluated by Western blot on conditioned media and by
analysis of transcripts through reverse transcriptase-polymerase chain reaction (RT-PCR). The in
silico approach showed the ability of SalB to interact with the catalytic zinc ion of the enzyme, with a
plausible competitive mode of action. The analysis of conditioned culture media showed a reduction
in MMP-9 activity and the concomitant decrease in the enzyme concentration, partially confirmed by
analysis of transcripts. SalB showed the ability to modulate the function of MMP-9 in MDA-MB-231
cells. To our knowledge, this is the first time in which the role of SalB on MMP-9 in a highly invasive
cellular model is investigated. The obtained results impose further and more specific evaluations in
order to obtain a better understanding of the biochemical mechanisms that regulate the interaction
between this natural compound and the MMP-9.

Keywords: Salvianolic acid B; matrix metalloproteinase 9; gelatinase B; MDA-MB-231 human breast
cancer cells; TIMP-1

1. Introduction

The MMP-9/Gelatinase B belongs to the wide family of zinc dependent endopepti-
dases named matrix metalloproteinases (MMPs). MMPs are involved in the physiological
degradation of the extracellular matrix (ECM), a fundamental process for tissue develop-
ment, morphogenesis, remodeling and repair [1]. Due to their important physiological role,
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MMPs are tightly regulated: their expression is transcriptionally influenced by growth fac-
tors, hormones and cytokines, while their activity is tuned by the activation of propeptides
(zymogens) and by inhibition of the enzymatic activity mediated by endogenous tissue
inhibitors (TIMPs) [2].

Disturbances of this complex network hindering the normal MMPs function are
known to be associated with the development of pathological events related to excessive
or insufficient ECM turnover: arthritis, wound healing disorders, fibrotic diseases and
cancer [3].

Regarding cancer, it is known that the proteolytic activity which contributes to the
degradation of ECM and basal membrane represents a key step in cell invasion, metastasis
and angiogenesis [4]. Moreover, several studies have posed evidence of the crucial role of
gelatinases in numerous invasive cancers, such as breast cancer [5,6]. Recent observations
also provide evidence that MMPs modulate various aspects of inflammation, some of which
seem to be essential for the suppression of innate immune response against tumor cells; in
this context, MMPs may exert an immune regulatory function in tumor microenvironment,
helping cancer cells to escape immune surveillance [7]. It is easy to understand that the
identification of MMP inhibitors (MMPi) today represents an important opportunity for
the treatment and prevention of numerous chronic and life-threatening diseases. For these
reasons, MMPs inhibitor drug discovery has emerged as an important area of research in
many fields of medical sciences as also attested by the discovery or repositioning of several
MMPs inhibitors [8–10].

In the last decade, great interest was generated in the characterization and use of
natural compounds credited with high bioactive potential, including anti-inflammatory,
antibacterial, antioxidant, anti-cancer and anti-diabetic properties [11–13]. Into this sce-
nario fits the interest in the identification of natural compounds capable of controlling the
expression and activity of MMPs. Specifically, flavonoids have been found to influence
MMPs levels in different ways. In many cell types, flavonoids have been described to
down-regulate MMPs biosynthesis. Quercetin, for instance, was reported to inhibit the
invasivity of murine melanoma cells by decreasing pro-MMP-9 via PKC pathway [14]. It is
also known that certain MMPs can be activated by oxidative stress and the antioxidative
effect of flavonoids may influence this mechanism [15].

Salvia miltiorrhiza, also known as red sage or Chinese sage, is one of the most widely
used traditional herb medicines recommended for the treatment of a variety of diseases,
such as cardiovascular diseases, hepatitis, hepatocirrhosis, chronic renal failure and dysmen-
orrhea. In S. miltiorrhiza, two pharmacologically active fractions were identified: lipophilic
diterpenoids transhinones and water-soluble phenolic acids [16]. In recent years, research
has been focused on the phenolic acid fraction where twenty-five phenolic acid compounds
have been isolated and identified. Specifically, Salvianolic acid B (SalB) represents the most
abundant compound, accounting for 3–5% of total dried weight [17]. To date, SalB has been
identified as an agent which may be useful in controlling the expression of MMP-2 and
MMP-9 in pathological conditions involving the cardiovascular system. In this context, we
should cite the inhibition of MMP-2 upregulation in human aortic smooth muscle cells via
suppression of NAD(P)H oxidase-derived reactive oxygen species [18], the prevention of
the infarct-induced cardiac remodeling through competitive inhibition of MMP-9 [19] and
the attenuation of cardiac fibroblast migration, collagen and cytokine secretion through
the in vitro inhibition of the catalytic domain of MMP-9 [20]. However, little attention has
been paid to the role of SalB in tumor cell lines characterized by high invasivity potential,
in which MMPs play a leading role. The aim of this work is therefore to verify the effect of
SalB in regulating the in vitro function of MMP-9 in MDA-MB-231 human breast cancer
cells. The only studies that involved the treatment of MDA-MB-231 cells with SalB focused
attention on different biochemical and molecular aspects. For example, the work published
by Sha et al. [21] analyzed the effects induced by the natural compound on the cell viability,
cell cycle and apoptosis of triple-negative MDA-MB-231 cells with the hormone receptor-
positive MCF-7 cells as the control. The main finding of the work was specifically related to
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SalB ability to enhance the cell apoptosis and decrease cell proliferation by regulating the
ceramide glycosylation enzymes. Overall, most of the studies performed on human breast
cancer cells involved the use of non-invasive phenotypes (MCF-7 cells), confirming the role
of SalB in cell proliferation, migration and invasion abilities, without specific assessments
on the gelatinases function [22].

2. Results
2.1. In Silico Evaluations and In Vitro Analysis of the Interaction between Salvianolic Acid B
and MMP-9

The SwissADME (absorption, distribution, metabolism and excretion) web tool was
exploited with the aim to obtain a prediction concerning the pharmacokinetic properties
of SalB. The main information of the analysis is reported in Table 1, and indicate low
absorption from the gastrointestinal (GI) tract and the inability to permeate the blood–brain
barrier (BBB). Furthermore, SalB seems unable to inhibit the activity of cytochrome P450
isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4), whose function is associated
with drug elimination through metabolic biotransformation. In Figure 1, the bioavailability
radar that gives a first glance on the drug-likeness of the compound is instead reported,
considering a total of six physicochemical properties: lipophilicity, size, polarity, solubility,
flexibility and saturation. From this point of view, SalB showed itself to be a good candidate
with reference to lipophilicity and solubility, while the report highlighted values outside
the physicochemical range in the case of size, polarity, flexibility and saturation.

In order to predict the most probable binding conformations between SalB and MMP-9,
a preliminary in silico study was performed. The most favorable docking is associated with a
∆G value equal to −14.786 kcal/mol; in this condition (Figure 2A), SalB is able to approach
the active site of the enzyme, placing its carboxylic group close to the catalytic zinc ion. In
addition to this, the distance between the O6 SalB carboxylic oxygen and the catalytic zinc ion
is 2.2 Å (Figure 2B), suggesting the plausible existence of a non-covalent interaction.

Table 1. SwissADME (absorption, distribution, metabolism and excretion) parameters attributed
to SalB.

Properties Parameters SalB

Physicochemical Properties

MW 718.61 g/mol
Rotatable bonds 14

HBA 16
HBD 9

Molar refractivity 178.07
TPSA 278.04 Å

Lipophilicity (Log Po/w)

iLOGP 2.10
XLOGP3 3.98
WLOGP 2.90
MLOGP 0.25

SILICOS-IT 2.57
Consensus estimation 2.36

Pharmacokinetics

GI absorption Low
BBB permeant No
P-gp substrate No

CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Log Kp (skin permeation) −7.86 cm/s
MW = molecular weight; HBA = H-bond acceptors; HBD = H-bond donors; TPSA = Topological Polar Surface
Area; GI = gastrointestinal; BBB = blood–brain barrier; P-gp = permeability glycoprotein; iLOGP, XLOGP3,
WLOGP, MLOGP, SILICOS-IT represent lipophilicity predictive models [Daina et al. 2017]; CYP1A2, CYP2C19,
CYP2C9, CYP2D6, CYP3A4 are isoforms of cytochrome P450.
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Figure 1. Bioavailability radar chart of SalB. The bioavailability radar gives a first glance on the
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size, polarity, solubility, flexibility and saturation. The pink zone represents the physicochemical
space for oral bioavailability, and the red line represents the specific oral bioavailability properties
associated with the analyzed compound.
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Figure 2. Molecular Docking analysis of the interaction between SalB and MMP-9. (A) SalB ability to
approach the MMP-9 catalytic pocket. (B) Molecular docking of SalB in the catalytic domain of MMP-
9 (PDB code: 1GKC). SalB seems able to interact with the catalytic Zn2+ ion which is coordinated
by three histidines (HIS401, HIS405, HIS411). The analysis specifically suggests the existence of a
coordinated bond between the catalytic Zn2+ atom and a carboxyl oxygen of SalB structure.
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To confirm the computational results, an enzymatic inhibition assay was performed.
For this purpose, a recombinant active human MMP-9, composed of the catalytic domain,
the gelatin binding domain and the metal binding domain (amino acids 107–457), was
used. Increasing the concentrations of SalB ranging from 0 µM to 100 µM, in the presence
of different concentrations of substrate (0.375–1.5 µM), suggested a competitive inhibition
of the activity performed by the MMP-9 catalytic domain (CDMMP-9) (Figure 3A), and
allowed to define a Ki value equal to 57.37 ± 3.96 µM (Figure 3B).
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domain of MMP-9 (CDMMP-9). (B) Secondary plot of KM

app versus different SalB concentrations.
The Ki value of SalB against CDMMP-9 was calculated to be equal to 57.37 µM.

2.2. Evaluation of Gelatinolytic Activity in MDA-MB-231 Cells

The zymographic analysis was performed on conditioned media obtained from MDA-MB-
231 cells treated for 24 h and 48 h with SalB 5 µM (SalB-5) and 50 µM (SalB-50). Such analysis
was effective in highlighting the gelatinolytic potential attributable to MMP-2 and MMP-9.

As shown in Figure 4A, SalB was able to influence the activity of MMP-9, which was
significantly reduced in the presence of the higher concentration of the natural compound
(50 µM), both after 24 h and 48 h of treatment (p < 0.05). The analysis also highlighted the
activity of the active form of the enzyme, which follows the same pattern observed for
the zymogen, with lower ability to hydrolyze gelatin in SalB-50 samples at both treatment
times (p < 0.05).
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Figure 4. Gelatin Zymography for the evaluation of MMP-9 and MMP-2 activity. Zymographic
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With regard to MMP-2 (Figure 4B), no significant variations were evidenced, both in
relation to the dosage and the timing of the treatment (p > 0.05).

2.3. Salvianolic Acid B Had no Effects on TIMP-1 Expression in MDA-MB-231 Cells

The potential role of SalB in influencing the endogenous regulation of MMP-9 activity
was evaluated by focusing the attention on TIMP-1. Figure 5 shows the results obtained
from reverse zymography and Western blot performed on conditioned culture media, and
RT-PCR applied on mRNA purified from the corresponding cells. By combining these
different approaches, no significant changes (p > 0.05) were found in the expression and in
the release of TIMP-1 in the extracellular environment.
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Figure 5. Analysis of TIMP-1 through reverse zymography, Western blot and RT-PCR. The role of the
tissue inhibitor of metalloproteinases-1 (TIMP-1) has been evaluated through reverse zymography
and Western blot that were performed on conditioned media obtained from MDA-MB-231 cells
treated for 48 h with SalB 5 and 50 µM. In the same sampling were also collected cells for transcripts
evaluation by RT-PCR.
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2.4. MMP-9 Expression Was Affected in Treated MDA-MB-231 Cells

The samples previously used for the zymographic evaluations, were also subjected to
Western blot analysis to verify the relative amount of the enzyme in the conditioned culture
media obtained from the various treatments (Figure 6A). In this case, SalB significantly
affected the amount of MMP-9 in the conditioned culture medium (p < 0.01) only when it
was administered at the highest concentration (50 µM) during 48 h treatment.
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Figure 6. Analysis of TIMP-1 through reverse zymography, Western blot and RT-PCR. The Western
blot analysis and RT-PCR of MMP-9. (A) The MMP-9 expression was firstly evaluated through
Western blot on conditioned media obtained from MDA-MB-231 cells treated for 24 h and 48 h with
SalB 5 and 50 µM. Different lower case letters (a,b) indicate significant differences (p < 0.05) for the
proMMP-9, while different upper case letters indicate significant differences (p < 0.05) for the active
form of MMP-9. (B) The collection of MDA-MB-231 cells was useful to perform the analysis on
MMP-9 transcripts after 48 h treatment with SalB 5 and 50 µM.

In order to verify any changes at the molecular level, the MMP-9 transcripts in cells
subjected to 48 h treatment were purified and analyzed. As shown in Figure 6B, a significant
reduction in MMP-9 transcript expression (p < 0.05) was effectively noted following the
treatment with 50 µM SalB, while no variations were evidenced in SalB-5 samples (p > 0.05).

3. Discussion

Several studies have been conducted to evaluate the ability of SalB to regulate the
activity of gelatinases, particularly of MMP-9. To our knowledge this is the first study
in which this aspect is evaluated on human MDA-MB-321 breast cancer cells, a highly
invasive cellular model characterized by a marked constitutive expression of MMP-9.

Before the evaluation of SalB effect on the selected cell line, a preliminary in silico
study was performed for the prediction of the drug-likeness of the natural compound and
the most probable binding conformations between SalB and MMP-9. The SwissADME web
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tool represents an informative approach in order to obtain a prediction about the biotrans-
formation of specific compounds into drugs. First of all, this evaluation evidenced for SalB
low absorption from the gastrointestinal tract and the inability to permeate the blood–brain
barrier (BBB). In particular, this last aspect argues in favor of the fact that SalB should not
induce adverse effects at the level of the central nervous system. Besides this, SalB does
not represent a substrate of the permeability glycoprotein (P-gp) that was suggested to be
one of the most relevant members among the ATP-binding transporters, responsible for
limiting the oral bioavailability of drugs that act as its substrates [23]. In the sphere of phar-
macokinetic parameters, the finding concerning the interaction of the natural compound
with cytochromes P450 is also relevant, which is actively involved in the processes of drug
elimination through metabolic biotransformation [24]. SalB does not represent an inhibitor
of these factors, an aspect of considerable importance considering that the inhibition of
these isoenzymes was reported to be one of the main causes of pharmacokinetics-related
drug–drug interactions, leading to toxic or other unwanted adverse effects due to the lower
clearance and accumulation of the drug or its metabolites [25]. The bioavailability radar
generated by the web tool, that gives a first glance on the drug-likeness of the compound,
showed overall good attitudes for SalB with reference to lipophilicity and solubility, while
conditions outside the physicochemical range were evidenced in the case of size, polarity,
flexibility and saturation. This finding testifies to the fact that in the pharmaceutical field it
could be more plausible for the use of specific structural domains of the natural compound,
rather than the molecule in its entirety.

With reference to the specific interaction between SalB and MMP-9, molecular docking
evaluations were performed. Specifically, the most favorable docking is associated with
a ∆G value equal to −14.786 kcal/mol; in this condition SalB is able to approach the
active site of the enzyme, placing its carboxylic group close to the catalytic zinc ion. In
this conformation, a distance of 2.2 Å was calculated between the SalB carboxylic oxygen
and the catalytic zinc atom, suggesting the possible onset of a non-covalent interaction
between SalB and MMP-9, in addition to the three coordination interactions between zinc
and the catalytic histidines (HIS401, HIS405 and HIS411). Such geometrical constraints are
therefore compatible with a tetracoordinated chelation model of the catalytic zinc ion as
also suggested by Jacobsen et al. [9] who inserted the carboxylic residue in the list of the
“zinc binding domains”.

In order to confirm the computational results, an enzymatic inhibition assay was
performed by using a recombinant active human MMP-9. The calculated Ki value was equal
to 57.37 ± 3.96 µM, a finding in full agreement with what has been previously reported by
Jiang et al. [19], who found a Ki value of 79.2 µM, by using a similar analytical strategy.

The encouraging data obtained by the in silico analysis confirmed by the enzymatic
inhibition assay, provided a rationale for the in vitro investigation on human MDA-MB-231
breast cancer cells, characterized by a marked invasive phenotype, supported by a high
constitutive expression of several MMPs, especially MMP-9 [26].

In order to define the best experimental conditions for cell treatment with SalB, an
MTT cell viability assay was performed, allowing us to define the range of concentrations
of SalB and the time of exposure in which the cytotoxic effect does not exceed 10% of cell
mortality with respect to untreated cells. In our intention, this was performed to make
sure that the treated cells maintain the same vitality as the control cells, in order to ensure
that any variations in the expression of MMP-9 were to be totally attributed to the effect
of SalB and not simply to a reduction in cell viability. Through this preliminary approach,
we believe we have given greater strength to the considerations made on the specific
effect of the natural compound on the MMP-9 function. Cells were then treated with two
concentrations of SalB, 5 µM (SalB-5) and 50 µM (SalB-50), for 24 h and 48 h, respectively.

The zymographic analysis of the conditioned media showed the ability of SalB to
inhibit the activity of MMP-9. The analysis also highlighted the activity of the active
form of the enzyme, which follows the same pattern observed for the zymogen. This
observation suggests that the relation between the two forms remains unchanged under
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all the experimental conditions and testifies to the fact that SalB had no effect on the pro-
enzyme activation mechanism. The observed reduction in activity may therefore depend
on a competitive inhibition model based on the prevalent interaction of SalB with the
catalytic domain of the enzyme. This hypothesis finds support in the results obtained
from the in silico investigation and is in agreement with what was previously observed
by Jiang et al. [19] who hypothesized a competitive inhibition of MMP-9 by the SalB. In
the same zymograms, the activity of MMP-2 was also visualized. In this case, the SalB did
not induce significant variations; a behavior already highlighted in a previous study in
which no significant regulation of SalB on MMP-2 activity was found, suggesting that the
natural compound was more specific on MMP-9 than on MMP-2 [19]. However, it must
be reported that in other studies conducted on murine models or alternative cell lines, a
drastic reduction in MMP-2 activity was reported as a consequence of the ability of SalB to
interact with mediators of gelatinase expression. One of the best characterized mechanisms
concern the inhibition of the tumor necrosis factor-α (TNF-α)-induced MMP-2 upregulation
in human aortic smooth muscle cells via suppression of the NAD(P)H oxidase-derived
reactive oxygen species [18,27].

It is known that the MMP activity in the extracellular environment is finely regulated
by specific endogenous inhibitors (TIMPs) which interact with the enzyme in a stoichio-
metric 1:1 ratio. For this reason, in the next phase of the study, the role of TIMP-1, which
possesses a prevailing selectivity for gelatinases, was evaluated in order to better under-
stand the effect of SalB treatment on MDA-MB-231 cells, and in particular on MMP-9
function. By combining different approaches, no significant changes were found in the
expression and in the release of TIMP-1 in the extracellular environment, a fact that con-
fers additional strength to the SalB ability to act as an MMP-9 inhibitor. Concerning the
relationship between SalB and TIMPs, no specific studies have been conducted. However,
the study performed by Dai et al. [28] must be taken into consideration. They investigated
the antifibrotic activity of the active compounds of Salviae miltiorrhizae on mice oral mu-
cosal fibroblasts and reported the ability of tanshinone IIA, salvianolic acid A and SalB
to reduce TIMP-1 and TIMP-2 expression, a phenomenon that predisposes an increase in
gelatinases activity. In agreement with what has been described, it should be also reported
that other studies highlighted that flavonoids generally have the ability to influence the
expression of TIMPs, with even quite marked effects on the ECM remodeling processes.
These are evidence observed in cell lines and in vivo models in which, contextually to
the effect on TIMPs, perturbations were also monitored for the expression and activity of
other factors involved in crucial signaling pathways such as focal adhesion kinase (FAK),
phosphatidylinositol-3-kinase (PI3K)-Akt, signal transducer and activator of transcription
3 (STAT3), nuclear factor κB (NFκB), and mitogen-activated protein kinase (MAPK) [29].

The same samples used for the zymographic evaluations were also subjected to
Western blot analysis to verify the amount of the enzyme in the conditioned culture media
obtained from the various treatments. In this case, SalB seems to be able to affect the
amount of MMP-9 in the conditioned culture medium only if administered at the highest
concentration for relatively longer time intervals. This may be due both to a direct effect of
SalB in the reduction of gene expression, but also to the ability of the natural compound to
interfere with the release of the zymogen from the cytosol to the extracellular environment.
For this reason, the MMP-9 transcripts from cells subjected to 48 h treatment with SalB were
purified and analyzed in order to highlight any changes in their expression. A significant
reduction in MMP-9 expression was effectively noted following the treatment with 50 µM
SalB. This therefore confirmed SalB tendency to reach the cytoplasm and interfere with the
biochemical mechanisms responsible for regulating the gene expression. In this regard,
Lin et al. [27] discussed the ability of SalB to inhibit MMP-2 and MMP-9 expression in
LPS-stimulated human aortic smooth muscle cells (HASMCs) advancing the hypothesis of
a mechanism based on the suppression of JNK and ERK phosphorylation. This is the first
time, in our knowledge, that this aspect is highlighted in invasive tumor cells. Therefore, the
specific biochemical mechanisms involved require further and more specific evaluations.
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4. Materials and Methods
4.1. Reagents

The Salvianolic acid B (SalB), dimethyl sulfoxide (DMSO), MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide], trypan blue, Triton X-100, Tween 20 and type B
gelatin were purchased from Sigma-Aldrich Chemical Co. (Milan, Italy). Dulbecco’s
modified Eagle’s medium (DMEM), foetal bovine serum (FBS), penicillin, streptomycin,
glutamine and trypsin were purchased from Euroclone S.p.A. (Milan, Italy). Human recom-
binant catalytic domain of MMP-9 was obtained from Vinci Biochem S.r.l. (Firenze, Italy).
All other chemicals were reagent grade. Stock solution of SalB (50 mM) was prepared in
DMSO and stored in the dark at −20 ◦C.

4.2. ADME Analysis and Modelling of the Enzyme-Inhibitor Interaction

When the condition of developing a new drug is expected, it is essential to carry out
evaluations that can give preliminary information on the compound being studied, with
particular regard to absorption, distribution, metabolism and excretion (ADME). For this
purpose, we used the web service SwissADME (http://www.swissadme.ch/index.php,
accessed on 16 November 2022) [30,31] which was made available by the Swiss Institute
of Bioinformatics.

The evaluation of the interactions between SalB and MMP-9 was performed by using
the web service (SwissDock) developed by the Swiss Institute of Bioinformatics in order
to predict the most favorable binding modes that may occur between a target protein
and a small molecule. This web tool exploits the docking software EADock DSS [32] and
the CHARMM force field method for calculation [33]. As a model was used, the crystal
structure of MMP-9 complexed with a reverse hydroxamate inhibitor (PDB code: 1GKC),
and the docking clusters related to the most favorable interactions with SalB (ZINC entry:
49538628) were visualized and analyzed by using PyMOL Molecular Graphics System.

4.3. Fluorometric Inhibition Assay of MMP-9 Activity

The in vitro ability of SalB to influence MMP-9 activity was performed through a
fluorometric inhibition assay. For this purpose, we used the recombinant catalytic domain
of MMP-9 (CDMMP-9) which represents the 39 kDa active site of the protein (aa 107–457
+ NT His Tag). The enzymatic residue was supplied as lyophilized powder which was
reconstituted following manufacturer’s instructions with pre-chilled 30% glycerol solution
to 10 U/µL. The rapid and sensitive determination of CDMMP-9 proteolytic potential in
the presence of increasing concentrations of SalB (from 5 µM to 100 µM) was evaluated
with a spectrofluorimetric method, as previously reported [10]. Briefly, the methodology
is based on monitoring the ability of the enzyme to specifically cleave the self-quenched
synthetic substrate MOCAc-Pro-Leu-Gly-Leu-A2pr(Dnp)-Ala-Arg-NH2 (Peptide Institute
INC, Osaka, Japan).

The apparent Michaelis constant (KM
app) values for the interaction between the en-

zyme and different SalB concentrations were calculated by using the double reciprocal
plots of 1/V versus 1/[S]. Such parameters were then used to draw a secondary plot for
the determination of the apparent inhibition constant (Ki).

4.4. Identification of the Experimental Conditions and Cell Culture

The The MDA-MB-231 human breast cancer cells were obtained from the American
Type Culture Collection (ATCC) and maintained in exponential growth in DMEM supple-
mented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 mg/mL streptomycin
and 2 mM glutamine, and kept in a humidified atmosphere with 5% CO2 at 37 ◦C. Cellular
viability was determined by trypan blue exclusion assay.

The concentration range and the timing of the cellular treatment with the SalB have
been defined through the MTT colorimetric approach which measures viable cells by
assessing the conversion of MTT into formazan crystals by mitochondrial activity [34].
Exponentially growing cells were plated in 96-well plates and after 24 h, the medium was

http://www.swissadme.ch/index.php
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replaced with fresh medium and cells were treated with SalB in the range of concentration
from 5 µM to 100 µM for 12 h, 24 h, 48 h and 72 h. Negative controls received the same
amount of DMSO (in the ratio 1:1000 in the culture medium) used to solubilize the SalB
administered in the other wells. At the end of each incubation period, MTT was added
to each well at the final concentration of 0.5 mg/mL and incubated at 37 ◦C for 3 h.
The reaction responsible for the formazan release was stopped by the addition of 0.04
N isopropanol, the absorbance was measured at 570 nm in a microplate reader (Biorad,
Hercules, CA, USA).

After defining the parameters for cell treatment with SalB, cells were seeded in six well
culture dishes at a density of 5 × 104 cells/well. After 24 h, the medium was replaced with
fresh medium and cells were treated with 5 µM (Sal-5) and 50 µM (Sal-50) of SalB. Control
cells (CTR) received DMSO in a concentration equal to that used for the solubilization of
Sal-5 and Sal-50. After 24 h and 48 h, conditioned media were collected, aliquoted and
stored at −20 ◦C until analysis.

4.5. Evaluation of Gelatinases Activity by Zymography and Determination of TIMPs Expression
by Reverse Zymography

Protein concentration in conditioned media was determined by Bradford protein
concentration assay. Volumes of each sample corresponding to 10 µg of total proteins
were diluted in a non-reducing sample buffer without heating and resolved by 8% SDS-
PAGE containing 0.3 mg/mL type B gelatin. The gels were then incubated for 45 min in
a renaturation buffer (50 mM Tris-HCl pH 8.0, containing 2.5% Triton X-100) to remove
SDS. Subsequently, a 24 h incubation in the developing buffer (50 mM Tris-HCl pH 8.0,
containing 5 mM CaCl2, 200 mM NaCl and 0.02% Brij 35) was performed to allow enzyme
renaturation and activity. Gels were then stained in a 0.1% solution of Coomassie Blue R250
in 40% (v/v) methanol and 10% (v/v) acetic acid. This analysis was preceded by preliminary
evaluations, in which the supernatant of HT1080 fibrosarcoma cells was used as a reference
standard for both MMP-2 and MMP-9, as recommended by Toth et al. [35]. Furthermore, in
order to verify the metallo-protease nature of the activity displayed, were carried out tests
in which the incubation of the zymographic gels was performed in a developing buffer
in which a chelating agent (EDTA 100 mM) was added (in this condition no degradation
of the substrate was found). Quantitative analysis of visualized spots was performed by
using ImageJ software [36].

To reveal the presence of TIMPs in collected samples, reverse zymography was per-
formed as previously described with a modification [37]. Briefly, a cell conditioned medium
rich in gelatinases able to degrade gelatin during the incubation in the developer buffer
was added to the gel. The presence of TIMPs was visualized as dark bands in which the
TIMP bound to the enzyme inhibits its gelatinolytic activity.

4.6. Western Blotting Analysis of MMP-9 and TIMP-1

Samples of conditioned media containing 40 µg of total proteins, were mixed with a
reducing sample buffer and subjected to 10% SDS-PAGE. Separated proteins were then
trans-blotted onto polyvinilidene difluoride (PVDF) transfer membranes. The non-specific
protein binding site on membranes was blocked by incubation in a solution containing
5% non-fat dry milk (Biorad, Milan, Italy) in TBS 0.1% Tween 20 (TBS-T) for 1 h, and then
incubated overnight at 4 ◦C with the primary antibodies for human MMP-9 and TIMP-1
diluted in 1% non-fat dry milk in TBS-T. Membranes were then washed in TBS-T, incubated
for 1 h with secondary HRP-conjugated antibody diluted in blocking solution, and the
immunoreactive bands were detected by inducing a chemiluminescence reaction through
the ECL chemiluminescent reagent (GE Healthcare, Little Chalfont, England). Quantitative
analysis of immunoreactive spots was performed by using ImageJ software [36].
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4.7. RNA Purification and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from treated cells with EUROGOLD Total RNA Mini kit
(EuroClone, Milan, Italy) and 1 µg of each sample was subjected to retrotranscriptase
reaction and PCR amplification in the same tube using the HyperscriptTM One-step RT-
PCR Premix (TEMA RICERCA, Bologna, Italy) and following manufacturer’s indications.
Expression levels of MMP-9 and TIMP-1 were normalized to the expression levels of the
housekeeping β-actin gene. PCR was performed by using the following oligonucleotides:
MMP-9 (sense 5′-CGC AGA CAT CGT CAT CCA GT-3′, anti-sense 5′-GGA TTG GCG
TTG GAA GAT GA-3′), TIMP-1 (sense 5′-CTG TTG TTG CTG TGG CTG ATA-3′, antisense
5′-CCG TCC ACA AGC AAT GAG T-3′) and β-actin (sense 5′-ATG ATG ATA TCG CCG
CGC TCG-3′, antisense 5′-GCG CTC GGT GAG GAT CTT CA-3′). The RT-PCR products
were resolved by 1.5% agarose gel electrophoresis.

4.8. Statistical Analysis

Data were statistically analyzed by using SigmaPlot 12.0 software (Systat software,
Inc., San Jose, CA, USA) for Windows operating system. Differences between means were
evaluated by Student’s t-test with confidence levels set at 95% (p < 0.05) and 99% (p < 0.01).

5. Conclusions

In the present research, for the first time to our knowledge, the ability of salvianolic acid
B, an active compound of Salviae mitiorrhizae, to modulate the function of MMP-9 in human
MDA-MB-231 breast cancer cells was demonstrated in an in vitro model characterized by a
high invasive potential. Particularly, we found a marked tendency of the natural compound
to interact with the catalytic domain of MMP-9 with the consequent inhibition of its activity,
presumably reducing the ability of the enzyme to interact with the substrate. Furthermore,
an inhibitory effect on the enzyme expression was observed. From this point of view,
more specific studies will have to be conducted in order to characterize the biochemical
mechanisms that oversee this phenomenon.
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